Mechanical wounding not only damages plant tissues, but also provides pathways for pathogen invasion. To understand plant responses to wounding at a genomic level, we have surveyed the transcriptional response of 8,200 genes in Arabidopsis plants. Approximately 8% of these genes were altered by wounding at steady-state mRNA levels. Studies of expression patterns of these genes provide new information on the interactions between wounding and other signals, including pathogen attack, abiotic stress factors, and plant hormones. For example, a number of wound-responsive genes encode proteins involved in pathogen response. These include signaling molecules for the pathogen resistance pathway and enzymes required for cell wall modification and secondary metabolism. Many osmotic stress-and heat shock-regulated genes were highly responsive to wounding. Although a number of genes involved in ethylene, jasmonic acid, and abscisic acid pathways were activated, many in auxin responses were suppressed by wounding. These results further dissected the nature of mechanical wounding as a stress signal and identified new genes that may play a role in wounding and other signal transduction pathways.
Wounding is a common damage that occurs to plants as a result of abiotic stress factors such as wind, rain, hail, and of biotic factors, especially insect feeding. Wounding presents a constant threat to plant survival because it not only physically destroys plant tissues, but also provides a pathway for pathogen invasion. To cope with wounding effectively, plants must prepare for pathogen attack while defending against insect predators. Therefore, it is hypothesized that plants may have evolved mechanisms that integrate the pathogen and wounding response. In support of this idea, studies have shown that wounding regulates a number of genes that are also regulated by or play a role in pathogen response (Reymond and Farmer, 1998; Durrant et al., 2000; Reymond et al., 2000) . Wounding and pathogen responses also share a number of components in their signaling pathways (Maleck and Dietrich, 1999) . For example, studies have shown that several plant hormones are important for wounding and pathogen responses. These include jasmonic acid (JA), salicylic acid (SA), and ethylene (O'Donnell et al., 1996; Creelman and Mullet, 1997; Dong, 1998; Penninckx et al., 1998; Reymond and Farmer, 1998; Thomma et al., 1998) . In particular, JA as a typical wounding hormone is essential for certain pathogen responses (Dong, 1998; Penninckx et al., 1998; Thomma et al., 1998; Rojo et al., 1999) . Signaling pathways initiated by these hormones and pathogen infection have been further addressed by a recent study using cDNA arrays to identify genes commonly regulated by these hormones and an avirulent pathogen (Schenk et al., 2000) . These studies indicate the existence of a substantial network of regulatory interactions and coordination during pathogen and wounding responses. Another study using microarray approach focused on transcriptional profiling of genes after pathogen infection and identified regulons that are involved in systemic acquired resistance (Maleck et al., 2000) . This study also identified genes that are reported to be regulated by wounding. In addition to pathogen resistance, wounding pathways may also interact with other signaling processes. Several studies show that some genes are induced by osmotic stress and wounding treatment (YamaguchiShinozaki and Shinozaki, 1994; Kudla et al., 1999; Reymond et al., 2000) , suggesting possible interaction between wounding and abiotic stress responses.
Wounding may elicit pathways that interact with pathogen resistance and possibly other signaling pathways. Dissecting crosstalk between these pathways is critical to the understanding of the plant response to environmental cues in general and to wounding in particular. To map the interaction between the wound response and other signaling pathways in a comprehensive manner at the genomic level, and to identify novel genes involved in these processes, it is necessary to survey global gene expression pattern following wounding. Although several previous studies (Durrant et al., 2000; Reymond et al., 2000) have taken different high-throughput methods to identify wounding-responsive genes, our study extends the throughput to a new level by using an Affymetrix Arabidopsis Genome GeneChip array representing 8,200 genes of the genome (Zhu and Wang, 2000) . Hundreds of genes were identified to be activated or suppressed by wounding. In particular, a large number of genes encoding signaling molecules were identified as early wound-responsive genes. Extensive overlap between pathogen-and wound-response genes was further demonstrated. Novel interactions between wounding response and responses to several other signals have been identified by this study. Of particular interest is that wounding activates genes encoding heat shock proteins and that auxin-responsive genes are negatively regulated by wounding.
RESULTS AND DISCUSSION

Wounding Alters the mRNA Levels of Approximately 8% of the Total Number of Genes Assayed, a Large Number of Which Encode Signaling Molecules
Gene expression patterns of 8,200 genes representing one-third of the Arabidopsis genome were surveyed among parallel control and wounded plants at 30 min and 6 h after wounding. The two time points were designed to identify early and late wounding response genes. Because the two time points were 5.5 h apart, parallel control plants were included to eliminate those genes that are regulated by the circadian clock (Harmer et al., 2000) . For example, if a gene is regulated by circadian clock only, this gene should be regulated in the same manner in the wound-treated or control sample at the same time point. As a result, the gene will not be selected as "differentially expressed" when comparing its expression level in the parallel control and wounded samples. Duplicate GeneChip experiments were conducted to select commonly induced or repressed genes. Highly correlated results with average false positive rates less than 1% were obtained (r ϭ 0.86% Ϯ 0.24%, Fig. 1 ). The noise level of expression (average difference) was arbitrarily determined as 25, which is the scaling target selected (see "Materials and Methods"). With such confidence, genes with an expression level above 25 that are altered more than 2.0-fold in the wounded plants as compared with the unwounded plants at the same time point were defined as differentially expressed genes regulated by wounding. These genes were selected for further analysis (see Supplemental table, which can be viewed at www.plantphysiol.org). Nearly all previously reported wound-responsive genes that were represented on the genechip were identified in this study, demonstrating the internal consistency of the analysis. In addition, a separate study has validated the Genechip technology in profiling gene expression in Arabidopsis (Zhu et al., 2001a) . This genomic approach significantly extended our knowledge on wound-responsive genes (from less than 100 reported using conventional methods to 657 identified here).
Of particular interest is the identification of a large number of genes that encode regulatory proteins (Table I). Among all the wounding-regulated genes, about 20% of them encode proteins that play a role in signal transduction and regulation of gene expression. These include 41 protein kinases, six phosphatases, five GTP-binding proteins, seven calciumbinding proteins, four enzymes involved in PI or inositol phosphate metabolism, and 65 transcription factors. It is generally expected that most signaling components should be present in the cell in preparation for extracellular stimuli to initiate signaling processes. Here, we show that these signaling components are transcriptionally regulated by signals such as wounding, implicating feedback control at the mRNA level in the regulation of the signaling pathways.
Wounding Response Overlaps Extensively with Pathogen Response
Among the wound-responsive genes identified in this study, a large fraction of them are known pathogen responsive genes or are postulated to play a role in pathogen resistance. We categorized these genes into two major groups: genes for signaling/regulatory components and those for effector proteins. The signaling/regulatory components include RLKs, non-receptor protein kinases, protein phosphatases, calcium-binding proteins, G-proteins, PI pathway enzymes, and transcription factors (Table I ). The effector proteins include defense-related proteins and enzymes involved in the secondary metabolism (Table  II) . Here, we discuss several categories of newly discovered wound-responsive genes that may encode pathogen response-related proteins.
In the protein kinase group, several plant-specific protein kinases, including the RLK family, NPK1-like, EDR1-like, and Pti1-like proteins, which are particularly relevant to pathogen response, were found to be regulated by wounding. Among the 22 woundregulated genes encoding RLKs (Table I) , two new RLKs are highly homologous to RLK3 and RLK5, respectively. RLK3, 4, 5, and 6 have been previously shown to be regulated by pathogen and SA in recent studies (Czernic et al., 1999; Du and Chen, 2000) . Possible function of some RLKs identified here is further supported by their elevated expression in pathogen-treated samples from independent microarray experiments (Maleck et al., 2000; Schenk et al., 2000) . RLK proteins are believed to perceive ex-ternal stimuli and transduce the signals across the plasma membrane through phosphorylation cascades that ultimately lead to expression of appropriate target genes. During the activation of plant defense responses, pathogen-or host-derived elicitor molecules may serve as ligands for these RLKs (Song et al., 1995) . Furthermore, at least one typical RLK, Xa21, encodes a disease resistance protein in rice (Oryza sativa; Song et al., 1995) . We speculate that some of wound-responsive RLKs identified in this study may be involved in pathogen resistance. Further functional analyses will test this hypothesis.
Several genes for Ca 2ϩ -binding proteins were found to be transcriptionally activated by wounding, including the CCD-1-like protein and CaM-like proteins (Table I) . Similar genes also respond to pathogen signals and function in pathogen resistance responses (Heo et al., 1999; Takezawa, 2000) . Ca 2ϩ -binding proteins, including CaM, CaM-like proteins, calcineurin B-like protein, and calcium-dependent protein kinase are calcium sensors that specify the cellular response to different extracellular signals (Trewavas and Malho, 1998; Kudla et al., 1999) . The wound-and pathogen-responsive CaM-like proteins and CCD-1 homolog may play a role in defense response signaling pathways against pathogen and insects.
Wounding induces expression of a large number of genes encoding transcription factors. Among them are members in the AP2, WRKY, and MYB families. We found several genes encoding AP2 domaincontaining proteins that are strongly activated upon wounding. Similar AP2 gene families have been reported to be induced by SA, JA, ethylene, and pathogen attack (Maleck et al., 2000; Schenk et al., 2000) . Wounding also induces seven genes encoding WRKY transcription factors, including AtWRKY40, AtWRKK33, AtWRKY53, AtWRKY22, AtWRKY11, AtWRKY15, and AtWRKY60 (Table I) . WRKY proteins were originally defined as transcription factors that target genes regulated by pathogen attack, fungal elicitors, and SA (Rushton et al., 1996 ; for review, see Eulgem et al., 2000) . A recent study (Du and Chen, 2000) reported that AtWRKY18 regulates the expression of RLKs including RLK4, which in turn is induced by bacterial infection and salicylate treatment. Several wound-responsive WRKY genes reported here are also regulated by pathogen infection (Maleck et al., 2000; Schenk et al., 2000; Chen et al., 2002) , further supporting the notion that woundinducible expression of WRKY genes shown in this study may function in pathogen and wounding defense mechanisms.
Wounding alters the gene expression of many MYB transcription factors that regulate the transcription of a number of flavonoid genes (Meissner et al., 1999; Borevitz et al., 2000) . However, different MYB transcription factors may show diverse expression pattern following wounding. We found that AtMYB15 and AtMYB51 are rapidly up-regulated by wounding, whereas MYB3 and MYB4 are down-regulated by wounding. The AtMYB15 gene is highly similar to the NtMYB2 gene from tobacco (Nicotiana tabacum) that is also inducible by wounding and elicitors and is known to positively regulate PR gene expression (Sugimoto et al., 2000) . AtMYB51 is highly similar to the ATR1 protein that activates Trp gene expression in Arabidopsis (Bender and Fink, 1998) . Mutant analysis shows that AtMYB3 and AtMYB4 are repressors of phenylpropanoid biosynthesis gene expression (Jin et al., 2000) . It is significant that wounding upregulates AtMYB15 and 51, positive regulators of secondary metabolism, and down-regulates AtMYB3 and 4, repressors of secondary metabolism. This finding further supports the hypothesis that wounding positively regulates the secondary metabolic pathways involved in activation of defense response.
A number of genes encoding putative components of disease resistance pathways were also shown to be wound inducible in this study (Table II) . These genes include a NPR1-like gene, NDR1, and a NDR1-like gene, glucanase-like genes, chitinase homologs, and several putative disease resistance genes (R-gene), including Mlo-like genes, an RPP5-like gene, RPP1, and a Cf2.2-like gene. The products of R-genes in plants and their direct or indirect interaction with avirulent gene products mediate specific pathogenhost interactions (Ryals et al., 1996; Glazebrook et al., 1997; Wilson et al., 1997; Nurnberger and Scheel, 2001 ). NDR1, which encodes a protein with two predicted transmembrane domains, is required for the action of most CC-NBS-LRR class of disease resistance genes. Its expression is also induced in response to pathogen attack and may function to integrate various pathogen recognition signals (Century et al., 1997) . The systemic acquired resistance pathway is mediated, at least in part, by SA that activates the expression of PR genes, such as PR1, PR2 and PR5 (Ryals et al., 1996; Nurnberger and Scheel, 2001 ). This pathway requires the function of the NPR1 gene a Average channel intensity ratio of wounding-treated samples over control samples over control samples from two independent experiments.
b W0.5 and W6 indicate 0.5 and 6 h after wounding. product (Cao et al., 1997) . NPR1 interacts with several members of the TGA subclass of basic domain/ Leu zipper transcription factors that bind to the SAresponsive element found in the PR-1 gene promoter (Zhang et al., 1999) . The fact that NPR1-like and NDR1-like genes, together with several R-genes, are up-regulated by wounding as shown in Table II clearly indicates that wounding enhances the levels of a variety of defense response genes.
Another interesting wound-induced gene from our study is the Mlo-like gene (Table II) . The barley (Hordeum vulgare) Mlo gene shows homology to the G-protein-coupled receptors. Lack of the wild-type Mlo protein leads to broad spectrum disease resistance against the pathogenic powdery mildew fungus and deregulated leaf cell death (Buschges et al., 1997) . A genome-wide search for Mlo sequencerelated genes in Arabidopsis revealed approximately 35 family members that have not been previously studied. Our study showed that at least one of these genes was regulated by wounding and provided a starting point toward further functional analysis of Mlo family genes in plant defense mechanisms.
Among the late response genes regulated by wounding are a number of genes involved in secondary metabolism and cell wall modifications (Table II) . Their respective gene products were defined as effector proteins involved in late defense responses. Most striking is the activation of the phenylpropanoid pathway that produces many secondary metabolites, which act as anti-pathogen and anti-insect agents (De Luca and St-Pierre, 2000) . Some of them are important intermediates for lignin biosynthesis during cell wall thickening. A number of genes encoding enzymes in this pathway are activated by wounding. These include genes for a putative leucoanthocyanidine dioxygenases, three putative cinnamylalcohol dehydrogenases, and a putative cinnamoylcoenzyme A reductase (Table II) . The coordinate expression of these genes suggests that they may be controlled by one or more common regulatory factors. As discussed earlier, regulation of MYB family transcription factors by wounding provides a potential link between the signaling pathway and the secondary metabolism (Jin et al., 2000) .
Enzymes involved in the Trp and alkaloid biosynthetic pathways are also activated at the transcriptional level. Several genes encoding enzymes in the Trp biosynthetic pathway, such as anthranilate synthase ␣-subunit, phosphoribosylanthranilate isomerase, and Trp synthase ␣-subunit, are induced by wounding (Table II) . The Arabidopsis Trp pathway can lead to the biosynthesis of the phytoalexin camalexin and other secondary compounds (Radwanski and Last, 1995) . Alkaloids, one of the largest groups of natural products, provide many pharmacologically active compounds. Among them, berberine, a benzylisoquinolone alkanoid isolated from Captis (Ranunculaceae), is used as an anti-pathogen agent by plants. The biosynthetic pathway from l-Tyr to berberine has 13 different enzymatic reactions. It is not known whether Arabidopsis produces berberine and related alkaloids. Our study reveals several woundresponsive genes encoding berberine biosynthetic enzymes. Among them, two Tyr transaminase like genes and four berberine bridge enzyme-like genes are late wound-response genes (Table II) . This finding suggests that the berberine biosynthesis pathway may occur in Arabidopsis and may participate in defense responses.
Genes whose products are involved in cell wall biosynthesis and modifications were shown to be regulated by wounding (Table II) , and a large fraction of these are also known to be regulated by pathogens (Maleck et al., 2000; Schenk et al., 2000) . These genes encode enzymes involved in biosynthesis of cell wall structure components, such as cellulose, hemicellulose, pectin, and proteins. Some wound-regulated genes encode enzymes such as endoglucanases, xyloglucan endotransglycosylases, and a number of glycosyl transferases, which alter carbohydrate linkages and modify secreted cell wall components. Our study further confirms the idea that defense mechanism against microbial pathogens and insects involves cell wall modifications.
Our results also confirmed that the oxidative burst, an essential component of the pathogen response, is highly regulated by wounding. A number of genes for the enzymes involved in hydrogen peroxide production and processing are activated by wounding treatments. These include genes encoding peroxidase ATP21, ATP15a, and ATP24a, respiratory burst oxidase protein D, putative l-ascorbate oxidase, glutathione reductase, and glutathione S-transferase (Table II). Hydrogen peroxide can act as a local signal for hypertensive cell death and can also serve as a diffusible signal for the induction of defense genes in adjacent cells (Alvarez et al., 1998) . Wounding stress also induces hydrogen peroxide accumulation locally and systemically in the leaves of several plant species (Orozco-Cardenas and Ryan, 1999). It has recently been shown that hydrogen peroxide acts as a second messenger for induction of defense genes in tomato (Lycopersicon esculentum) plants in response to wounding, systemin, and methyl jasmonate (OrozcoCardenas et al., 2001 ). This could partially explain why a large number of genes are commonly regulated by pathogen attack and wounding in plants. This extensive overlap between pathogen and wounding response as shown in this study further supports the hypothesis that plants have evolved mechanisms that integrate pathogen defense into wounding response.
Interaction between Wounding and Abiotic Stress Responses
In addition to pathogen response genes, our study shows that a number of genes regulated by abiotic stress response pathways are activated by wounding (Table III) . These include genes responsive to drought, cold, high salt, heat shock, and others. These so-called "stress genes" are normally silent and rapidly induced by stress conditions (Shinozaki and Yamaguchi-Shinozaki, 2000) . Several transcription factors such as DREB1B/CBF1 and DREB1C/ CBF2 that govern the stress regulations are among the early responsive genes after wounding (Table III) . These proteins contain the AP2/EREBP domain and bind to the DRE/CRT motif in drought-, high salt-, and cold stress-responsive gene promoters (JagloOttosen et al., 1998; Liu et al., 1998) . DREB1/CBFs are known to be induced by low-temperature stress, indicating that it may function in cold-responsive gene expression, whereas DREB2 genes are implicated in drought-responsive gene expression because its mRNA level is induced by drought but not by cold (Liu et al., 1998) . A recent study (Seki et al., 2001) shows that many drought-responsive genes such as Rd29A/Iti78/Cor78, Kin1, Kin2/Cor6.6, Cor15a, and Rd17/Cor47 are also induced by cold stress in a DREB1A-dependent manner. We show in this study that wounding not only induces transcription factor DREB1B/CBF, but also activated many downstream stress genes such as Rd29A/cor78, Kin1, and Kin2. This result suggests that mechanical wounding may activate drought and cold response pathways.
Wounding treatment also activated a number of genes related to the high salinity response. These include genes for ATPK19, MP2C-like protein phosphatase, AtCDPK1, STZ/ZAT10, water channels (PIP1a/2a), sugar synthetic enzymes (ATP5CS and Suc synthase), and Pro transporters (Table III) . Although the mechanism underlying the plant response to high salinity is not clear, gene activation has been widely documented to be an important response (Hasegawa et al., 2000) . The salt-responsive genes encode proteins that are often involved in synthesis of osmolytes (e.g. Pro and Suc), water flux control, and membrane transport of ions (Hasegawa et al., 2000) . In addition to previously characterized saltresponsive genes, a Pro transporter gene has also been identified by this study, suggesting that transport of osmolyte may be one of the limiting factors in the plant osmotic stress response. Further analysis indicates that this gene is also activated in the osmotic stress-treated samples (T. Zhu, unpublished data).
HSPs are thought to facilitate growth and survival of plants under conditions of severe heat stress whereby lethal temperatures can be tolerated for short periods (Gurley, 2000; Lee and Vierling, 2000) . Major classes of HSPs present in plants include the small HSPs (ranging in M r from 15-28 kD), HSP60, HSP70, and a constitutively expressed heat shock cognate protein, HSC70, HSP90, and HSP100 (Gurley, 2000) . As in other organisms, these HSPs play an essential part in protein folding and other cellular processes under normal and stress conditions in plants ( Lee and Vierling, 2000) . Expression of heat shock genes is regulated by HSFs. Wounding activated several genes encoding HSFs and HSPs (Table   III) . This is rather unexpected because HSPs have not been studied in the context of the wound response. It is interesting that wound activation of heat shock response genes follows a time frame consistent with the normal heat shock response. Two HSF genes (HSF4 and HSF21) are early wounding-response genes that were activated within 30 min after wounding. This activation is followed by transcription of a number of HSP genes, including HSP17.6II, HSP17.6A, HSP70, Hsc70-G8, Hsc70-G7, HSP83, and a Dna-J-like gene. Therefore, it is tempting to speculate that HSF4 and HSF21 are the transcription factors that control the expression of these HSPs. To determine if other stress conditions or signals (besides heat shock and wounding) also regulate the expression of HSPs, we performed a systematic database search on four genes including HSF21, HSF4, HSP70, and HSP17.6A in the Arabidopsis gene expression database of Torrey Mesa Research Institute. As shown in Table IV , HSF4, HSP70, and HSP17.6A , and HSP17.6A may be important for a range of stress conditions, whereas others such as HSF21 may be involved in more specific stress responses.
Interaction of Wounding and Hormonal Signaling Pathways
As discussed earlier, wounding and pathogen responses involve a number of plant hormones, including JA, SA, and ethylene (Reymond and Farmer, 1998) . JA accumulates in wounded plants and activates expression of various defense genes such as proteinase inhibitors, thionin, and enzymes involved in secondary metabolism (Creelman and Mullet, 1997) . We found that a number of genes, such as a putative lipase, putative lipoxygenase, putative allene oxide synthase, and 12-oxophytodienoate reductase, which are involved in biosynthesis of JA, are upregulated by wounding (Table V) . Most of these JA synthesis genes are early wounding-response genes and were activated within 30 min. This result is consistent with earlier studies (Reymond and Farmer, 1998; Reymond et al., 2000) and suggests that wounding may trigger the JA biosynthesis upon direct activation of genes encoding the relevant biosynthetic enzymes.
Ethylene plays a highly pleiotropic role in plant growth and development and is involved in a number of processes, including germination, senescence, abscission, and fruit ripening. Ethylene also participates in a variety of defense responses and abiotic stress responses (Ecker, 1995) . Exogenous application of ethylene induces the transcription of genes encoding class I basic chitinases, glucanases, and other PR genes. It has been also well documented that wounding induces ethylene production that affects the downstream wound response (O'Donnell et al., 1996) . Two mechanisms may be involved in the interaction between ethylene signaling and wound re- (Ecker, 1995; Reymond and Farmer, 1998) . Following the induction of ACC synthase genes, we observed the significant induction of ethylene response genes such as senescenceassociated genes, chitinases, and glucanases as late wound-response genes (Tables II and V) . Second, many of the ethylene response transcription factors such as EREBPs are rapidly induced by wounding. These transcriptional factors may directly participate in the activation of ethylene-responsive genes. Wounding-mediated ethylene synthesis implicates ethylene as a chemical messenger for wounding as reported previously (O'Donnell et al., 1996) . However, early induction of EREBPs suggests that crosstalk may occur between wounding and ethylene signaling pathway at the level of transcriptional regulation.
Perhaps the most surprising finding is the interaction between wounding and the auxin signaling pathway. In almost all cases, genes that are positively responsive to auxin signaling pathway are downregulated by wounding (Table V) . Although auxins, primarily indole-3-acetic acid (IAA), control many important developmental processes in plants ( Bartel, 1997; Normanly and Bartel, 1999) , little is known on auxin function in stress or defense responses. Now we show that wounding negatively regulates IAA responsive genes, revealing a new level of crosstalk between wounding and auxin response in plants. Negative regulation of auxin response by wounding can happen through at least two possible pathways. One is by reducing production of endogenous IAA, and the other is negative crosstalk of the signaling pathways. We addressed the first possibility by compiling the expression pattern of genes encoding IAA biosynthetic enzymes. The starting point for IAA synthesis is in the Trp biosynthetic pathway, and in recent years, it has become generally accepted that there exists a "Trp-independent" pathway branching off from the Trp biosynthetic pathway at a Trp precursor such as indole as well as a Trp-dependent pathway (Normanly and Bartel, 1999) . One gene encoding nitrilase was shown to be down-regulated by wounding (Table V) . This enzyme catalyzes the conversion of indole-3-acetonitrile to IAA (Normanly et al., 1997) . It is interesting that two genes encoding IAA glucosyltransferases are also highly induced. As these enzymes are responsible for the formation of IAA-sugar conjugates, this finding may provide a mechanism for wound-induced IAA conjugation, thereby reducing the endogenous level of active IAA. Our study also provides evidence for an alternative mechanism of negative regulation of IAA response by wounding. As discussed earlier, a NPK1-like gene may be a homolog of ANP1 that negatively regulates IAA responsive genes (Kovtun et al., 1998) . The expression of the NPK1-like gene is up-regulated by wounding (Table I) , implicating activation of the NPK1-like gene in down-regulation of IAA signaling. Although our result does not elucidate the mechanism of down-regulation of IAA response by wounding, finding antagonism between wounding and IAA responses sheds new light on IAA function and on the interaction of these pathways in Arabidopsis.
Kinetics of Gene Activation and a Novel Method for Pathway Finding
In this study, we surveyed global gene expression at two time points after wounding. Those genes with significantly altered mRNA levels within 30 min are considered early response genes, whereas those responsive after 6 h are considered late response genes. Two interesting phenomena have been found when comparing these two groups of genes. First, more than 90% of the genes are early or late response genes (Fig. 2) . Only a very small number of genes (10%) are in both groups. This finding indicates that induction of most early response genes is transient, but not sustained. Second, the time frame of induction of a particular gene by a signal often reflects the position of the gene product in the response pathway. For example, the early response genes are often those that encode "signaling or regulatory components" such as protein kinases and transcription factors (Table I). The late response genes are often those that encode "effector proteins" such as enzymes in the metabolism (Fig. 2) . In several cases, it is clear that the protein products of early response genes function to regulate the expression of late response genes, suggesting a cascade of gene regulation. There are certainly exceptions to this cascade of regulation. For example, early response genes encoding several RLKs have been shown to be targets for WRKY transcriptional factors (Du and Chen, 2000) . Several examples of possible gene regulation cascades are illustrated in Figure 3 , which may help elucidate the specific signaling pathways involved. In one case, the HSFs are activated within 30 min, which is followed by induction of a number of HSPs in the 6-h samples. It will be interesting to determine if accumulation of HSFs is a prerequisite for activation of downstream HSP genes (Gurley, 2000; Lee and Vierling, 2000) . Second, abiotic transcription factors such as CBFs/ DREBs are encoded by early wounding response genes, whereas the stress defense genes such as RD29A, Kin1 and Kin2, and Cor15b are all late response genes. It is known that CBFs/DREBs are the transcription factors that activate the target genes including Cor/RD/Kin (Jaglo-Ottosen et al., 1998; Liu et al., 1998; Seki et al., 2001 ). In the third example, MYB transcriptional factors are early response genes and their target genes such as those encoding secondary metabolic enzymes are late response genes (Meissner et al., 1999; Borevitz et al., 2000) . Furthermore, WRKY and AP2/EREBP-type transcription factors are also early response genes and their target genes encoding enzymes such as chitinase, glutathione S-transferase, and strictosidine synthase are late response genes (Rushton et al., 1996; Du and Chen, 2000; Memelink et al., 2001) . These examples demonstrate that one can build hypothetical models for gene regulation pathways based on transcriptional profiling. It is certain that further studies by genetic and biochemical approaches are required to test the model pathways.
We conclude that this study has not only identified a large number of novel genes that are regulated by wounding, but it also provides new insights into the interaction and overlap between signal transduction pathways initiated by wounding and other stimuli. In addition, the expression kinetics of woundinginducible genes provides useful information for pathway finding in plants. 
MATERIALS AND METHODS
Plant Treatment and RNA Isolation
Four-week-old Arabidopsis (ecotype Columbia) seedlings grown under short-day conditions (8 h of light at 500 mol m Ϫ2 s Ϫ2 at 21°C-23°C in 75% humidity at day and night) were used for the wounding stress treatments. Wounding was performed by puncturing leaves with a hemostat. Approximately 50% of the leaves in the treated plants were wounded. One sample was collected at each time point from one pot containing 20 rosette plants. Two sets of potted plants were prepared for the same treatment and were harvested separately for RNA extraction. The parallel control plants were grown under the same conditions and were harvested at the same time points except that the control plants were not wounded. To prevent the subsequent pathogen infection, plants were grown in a disinfected growth chamber and hemostats were sterilized.
Total RNAs were isolated from the parallel control and wounded leaf material using the RNAwiz isolation regent (Ambion, Austin, TX) and were then purified using RNeasy columns (Qiagen, Valencia, CA). The RNA samples were prepared separately from the two sets of plant materials and were pooled for microarray analysis.
Microarray Experiments and Data Analyses
Microarray experiments were conducted in duplicates according to Zhu et al. (2001) . Briefly, double-stranded cDNA was synthesized from 5 g of total RNA samples using a combination of oligo dT (24) primer containing a 5Ј T7 RNA polymerase promoter sequence, SuperScript II reverse transcriptase (Invitrogen, Carlsbad, CA), and Escherichia coli DNA polymerase and ligase. The synthesized products were purified by phenol/chloroform extraction and ethanol precipitation. Synthesized cDNAs (approximately 0.1 g) were used as templates to produce biotinylated cRNA probes by in vitro transcription using T7 RNA Polymerase (BioArray High-Yield RNA Transcript Labeling kit; Enzo Diagnostics, New York). Labeled cRNAs were purified using affinity resin (RNeasy Spin Columns; Qiagen) and were randomly fragmented to produce molecules of approximately 35 to 200 bases.
Arabidopsis Genome GeneChip arrays (Affymetrix, Santa Clara, CA) were used for the gene expression detection. Fragmented cRNAs were denatured and hybridized to the probe array cartridge. Hybridization was carried out at 45°C for 16 h with mixing on a rotisserie at 60 rpm. After hybridization, the array cartridge was washed and stained with streptavidin/phycoerythrin in a fluidics station (Affymetrix). The probe array was scanned twice and the intensities were averaged with a GeneArray Scanner (Hewlett-Packard, Palo Alto, CA). Scanned images were processed and quantified using GeneChip Suite 3.2 (Affymetrix).
The expression level of the genes was measured by the average difference of the perfect match probes and mismatch probes. The expression levels for all genes presented on the microarrays were globally normalized across different experiments, so that all of the values are directly comparable. This was done by adjusting the mean of the global average difference in each array to 100. The reproducibility of the microarray experiments was characterized by comparing each set of data generated from the duplicated experiments. Synthesis of cDNA and cRNA from each set of biological samples was performed independently. The labeled cRNA samples were then hybridized to two different GeneChip microarrays. A correlation coefficient was calculated between the duplicate experiments. Genes with an average difference above 25 and showing a difference of 2-fold or above between the duplicate data set were identified as false positives. A false positive rate was also calculated based on the percentage of genes showing significant changes in duplicated experiments. Any gene with an average difference value above 25 and with a "present" call is considered as an expressed gene. These genes were further filtered to select those that were differentially expressed in response to wound treatments. The differentially expressed genes were selected by pair-wise comparison of the control and wounded samples from the same time point. These differentially expressed genes are defined as expression level of 25 or above, have a present call in at least one sample, and showed more than 2-fold induction or reduction in expression level. Only those genes that were altered 2-fold in both chip replicates were selected. Average values of fold changes from the duplicate chips were presented. Selected genes were clustered according to their expression level using self-organizing map and by hierarchical cluster analysis using the Cluster program, and displayed by TreeView program (Eisen et al., 1998) . The Spearman rank correlation was used in the hierarchical cluster of the wounding-induced and -reduced genes. In addition, genes were also categorized according to their functions as described in the "Results and Discussion."
